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Abstract 
The Institute of Machine Tools and Production Technology established a machine concept, which uses foil tools 
instead of grinding wheels. Unused foil, determining the surface roughness, is continuously driven over a plate, 
defining the surface form. Thus, a very good flatness and a constant material removal rate can be ensured during the 
total process time. Furthermore, the machine concept allows investigating the influence of the grain protrusion on the 
surface property, since side effects such as grinding wheel wear are eliminated. The grain protrusion is influenced by 
cutting speed, grain size and pressure. Thus, the influence of cutting parameters subjected to grain protrusion on 
residual stress, micro hardness and texture are investigated and discussed.  
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
In order to achieve high quality plane surfaces with very good flatness and low roughness, fine 
grinding with lapping kinematics becomes more important, and is nowadays state of the art. In 
comparison to conventional lapping using slurry, fine grinding with lapping kinematics using bonded 
wheels has several advantages. Higher material removal rates are achieved and the process is 
characterized by low surface zone damage. Thus, the process time for the following polishing process, 
can be decreased and the costs are reduced. Nevertheless, fine grinding with lapping kinematics still has 
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several disadvantages. The wear of the wheel is not constant over the diameter. Thus, the wheel does not 
remain flat and the grinding wheel wear leads to a reduction of material removal rate over process time. 
Hence, time consuming dressing of the grinding wheel becomes necessary [1-2].  
The Institute of Machine Tools and Production Technology established the machine concept “Fine 
Grinder”, which uses foil tools instead of grinding wheels. The tool part, determining the surface 
roughness is separated from the one determining the surface form. Since the foil tool is continuously 
driven over the plate, a constant machining behavior is achieved. A very good flatness can be ensured 
during the total process time without the necessity of time consuming dressing of the wheel. That way the 
disadvantages of conventional fine grinding with lapping kinematics could be solved while the 
advantages were kept [3]. This machine concept was used to investigate the influence of cutting 
parameters subjected to grain protrusion on surface integrity namely residual stress, hardness and texture. 
While residual tensile stress indicates thermal damage, residual compressive stress improves the wear 
resistance of the workpiece surface. Furthermore, high hardness is requested to improve the life time of 
the workpiece, while reduced roughness induces higher resistance against abrasive wear. 
2. Experimental Setup 
The design of the test rig used for the experiments is based on the machine concept shown in figure 1 
which clarifies the constructive requirements. The test rig consists of a flat carrier disk, determining the 
workpiece flatness. A foil tool is continuously driven over the carrier disk. To achieve a constant 
machining behavior the foil is only used once. The carrier disk and the workpiece holders are rotating 
independently. Thus, the typical lapping kinematics is realized. The grinding force is transmitted by a 
pressure disk and controlled pneumatically.  
Fig. 1. Fine grinding with lapping kinematics using the machine concept “Fine Grinder” 
The experiments were conducted on Ck45 (58HRC) using abrasive foil tools type 3M 262L with 
aluminum oxide grain size 9 µm, 15 µm and 30 µm. To investigate the influence of the process 
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parameters on surface integrity, the grinding pressure, foil feed rate and cutting speed were varied. All 
experiments were made using 3 % emulsion. Subsequent to the experiments the material removal rate, 
roughness and flatness were measured. For selected probes also micro hardness and residual stress were 
detected. Prior to machining, the workpieces were roughened for two minutes. Thus, the flatness was 
between fe = 4.2 µm and 13.4 µm, and the roughness was between Ra = 0.1 µm and 0.22 µm, Rz = 0.5 µm 
and 1.8 µm and Rmax = 1 µm and 2.5 µm. 
3. Influence of Process Parameters on workpiece surface 
3.1. Grain Size 
During the experiments to analyze the influence of grain size on machining behavior and workpiece 
surface quality a cutting speed of 0.6 m/s, foil feed rate of 50 mm/min and grinding pressure of 
0,1 N/mm2 were used.  
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Fig.2 Influence of grain size on material removal rate and roughness 
The workpieces did not show any thermal damage, regardless grain size and the texture was not 
influenced by the process. Residual compressive stress was achieved with all grain sizes. The 
experimental results pointed out, that due to the high material removal rate the foil tool with grain size 
30 µm is suitable for the first process step to achieve the required workpiece form and size accuracy and 
to remove deeper scratches from previous process steps e.g. turning or milling. Due to the higher grain 
protrusion combined with the bigger grain size and chip space, the resulting roughness was not sufficient 
to achieve the required resistance of the workpiece against abrasive wear.  
Using the foil tools with grain size 15 µm compared to 9 µm did not show any differences in material 
removal rate and roughness (Figure 2). Thus, both could be used for the last process step, since the 
resistance of the workpiece against abrasive wear is comparable. But, the residual stress using the 15 µm 
grain was much more compressive (-665 MPa) compared to using the 9 µm grain (-440 MPa), even 
though the grain protrusion was the same. The manufacturing process has thermal and mechanical affects 
on the recast layer of the workpiece. During machining, abrasive grains are pushed into the workpiece 
leading to tensile stress in the subsurface zone. This tensile stress leads to plastic and elastic deformations 
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reducing the tensile stress as the yield strength is reached. These plastic deformations are kept after the 
machining process leading to compressive stress in the recast layer [4]. The grain protrusion was the same 
for both grain sizes. Though, due to the bigger grain diameter the plastic deformation in cutting was 
higher for the 15 µm grain size, leading to higher plastic deformation of the recast layer. In addition, the 
micro hardness of the recast layer was higher for 15 µm grain size (490 HV 0.03) compared to 9 µm grain 
size (370 HV 0.03). Thus, workpieces machined with 9 µm grain size foil tool have a good resistance 
against crack formation due to their high micro hardness and compressive stress. Furthermore, the 
roughness is very low leading to high resistance against abrasive wear. 
3.2. Pressure 
The influence of pressure on surface integrity was examined with all three foil tools. The process 
parameters were equal to those used for investigating the influence of the grain size. Pressure was raised 
from 0.05 N/mm2 up to 0.15 N/mm2.
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Fig. 3 Influence of grinding pressure on workpiece surface 
Grinding pressure is highly influencing the cutting process and the workpiece surface quality. Using 
the foil tools with grain size 9 µm and 15 µm, the material removal depth increased with rising grinding 
pressure since the abrasive grains penetrated deeper into the workpiece. The roughness was independent 
of the pressure, though it took more time to reach the end roughness with the comparatively low grinding 
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pressure of 0.05 N/mm2 (Figure 3). Furthermore, better workpiece flatness could be reached with higher 
grinding pressure. Residual stress and micro hardness were only measured for the experiments using the 
foil tool with 9 µm grain size. It could be seen, that the residual compressive stress and the micro 
hardness decreased with rising pressure and grain protrusion. The friction between abrasive grain and 
workpiece surface rises with grinding pressure. Although, the plastic deformation of the recast layer still 
is the leading factor determining the residual stress, the friction leads to a reduction of the compressive 
stress. Though, the process time is higher using low pressure, the resistance against crack formation of the 
workpiece surface is increased leading to a higher life time. 
3.3. Foil Feed Rate 
The foil feed rate was increased from 50 mm/min up to 150 mm/min using the foil tool with grain size 
15 µm. The material removal rate increased with rising foil feed rate. Part of chips was removed from the 
grinding zone by the coolant, the other part remained in the chip space of the foil tool. Thus, the chip 
space was reduced and the grains could not penetrate as deep into the workpiece as with completely open 
chip space. With rising foil feed rate, the amount of chips filling the chip space was reduced since the 
unused foil was delivered to the grinding zone faster, leading to higher material removal rate. Since the 
grains could penetrate deeper into the workpiece, the roughness also increased with rising foil feed rate 
while the flatness was not influenced. Thus, a lower foil feed rate is recommended since the resistance of 
the workpiece surface against abrasive wear is reduced with rising foil feed rate. 
3.4. Cutting Speed 
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Fig. 4 Influence of cutting speed on material removal rate and residual stress 
The cutting speed was raised from 0.2 m/s up to 0.77 m/s for all three grain sizes. No influence on 
flatness and roughness could be observed. The material removal rate increased with rising cutting speed 
up to 0.6 m/s. Though, the lowest material removal rate was seen at a cutting speed of 0.77 m/s 
(Figure 4). With rising cutting speed the number of active grains increases while the grain protrusion is 
reduced and the cutting process becomes less effective. The residual stress at the cutting speed of 0.6 m/s 
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(-440 MPa) was also less compressive compared to the lower cutting speed of 0.2 m/s (-550 MPa). This is 
caused by the reduced plastic deformation of the recast layer due to the lower grain protrusion at higher 
cutting speeds. The micro hardness was 350 HV 0.03 in both cases. Thus, the resistance against crack 
formation is slightly decreased, as the workpiece was manufactured at lower cutting speeds, while the 
resistance against abrasive wear was not affected by the cutting speed.Conclusion 
The influence of cutting parameters using a machine concept for fine grinding with lapping kinematics 
using foil tools on surface quality, residual stress, micro hardness and texture and thus, on surface 
integrity was investigated and discussed. No thermal damages were found in the microscopic evaluation. 
The residual compressive stress was higher using the grain size 15 µm compared to 9 µm. Using the foil 
tools with grain size 9 µm and 15 µm an increasing pressure lead to higher material removal rates and 
reduced residual compressive stress due to higher friction. Increasing the foil feed rate led to higher 
material removal rates. Increasing the cutting speed led to a reduced material removal depth per meter of 
cycle length and reduced residual compressive stress due to friction. Plastic deformation was the 
dominant factor influencing the residual stress in all experiments. As a result, the workpiece should be 
finished with foil tool grain size 9 µm, a grinding pressure of 0.05 N/mm2, foil feed rate of 50 mm/min 
and cutting speed of 0.2 m/s. These parameters lead to low surface roughness and thus high resistance 
against abrasive wear. Furthermore, the residual stress is much more compressive and the micro hardness 
is high, leading to higher resistance against crack formation. If machined with the presented machine 
concept, these process parameters should be used in order to achieve a high workpiece life time. 
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